


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1953 


A study of the effect of air distribution on the 
combustion process in a simulated turbo-jet 
combustion chamber 


Andre, Paul L. 


University of Minnesota 


http://hdl.handle.net/10945/14642 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
uh D لا‎ DLE Y research materials and institutional publications created by the NPS community. 
۷ ን Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
KN OX appointed — and published — scholarty author. 


| [1 LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 73 








http://www.nps.edu/library 





A STUDY OF THE EFFECT OF AIR DISTRIBUTION 
ON THE COMBUSTION PROCESS IN A SIMULATED 
TURBO-JET COMBUSTION CHAMBER 





Paul L. Andre 





L 
' 
۱ N 
In adr Felt 4 : 
LD L » . L ۳ 
۰ , ANM. / . 
٩ "a T ERT + 
32 <* B E. ^ - - 
0 بر‎ "ITALI ١ ای‎ 
- " s M يال حر‎ 
* x ٥ه‎ ۰ 
L ብ 5 1 L - NMN: L پار‎ ۳ - 
, TT C TET e US. "ul TIL 
1 ٩ i " # + ۔‎ 
ም ٢ 4 : 
7 7 * p ۰ 
- à x ra “ es 1 
7 + 
1 5 | ٠ sa ft < A > : 
ia ١ "E^ . + .. [ITEM A 
8 $4 ^ ا و‎ b 5 ۰ 
" 7 A 


Sag 




















A STUDY OF THE EFFECT OF AIR DISTRIBUTION 
ON THE COMBUSTION PROCESS IN A SIMULATED 


TURBO-JET COMBUSTION CHAMBER 


8 ھ 
Submitted to the Graduate Faculty‏ 
of the‏ 


University of Minnesota 


by 


Paul L. Andre, JT. 


In partial fulfillment of the 
requirements for the degree 


of Master of Science in Aeronautical Engineering 





دي" تون ہے ም‏ 





- ii - 


PREFACE 


I would like to take this opportunity to thank the 
many members of the Mechanical and Aeronautical Engineering 
Departments who assisted in this investigation and in 
particular, Professor T. E. Murphy and H. N, MeManus for 
their advice and guidance. 

I am also deeply grateful to my wife, Margo, without 
whose patient forebearance and generous understanding my 
three years of belated scholastic endeavour could not have 


been completed. 


P, di. A. 


May 28, 1953 


20737 





Ms 





- lii - 


TABLE OF CONTENTS 


Introduction 

Previous Work and Theory 
Equipment 

Instrumentation 

Estimated Accuracy of Measurements 
Investigation Procedure 
Discussion of Preliminary Runs 
Discussion of Steps I, II and III 
Conclusions and Recommendations 
Appendix 


Bibliography 


19 


19 


23 


25 


31 


34 


45 


46 


57 





Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 


Figure 


10 


11 


12 


13 


14 


15 


16 


17 


18 


19 


20 


21 


22 


25 


- mE. 


ILLUSTRATIONS 


Test Cell Apparatus 

Combustion Chamber 

Combustion Chamber Thermocouples, Side Plate 
Removed 

Original Fuel Imput Port 

Fuel Splitter 

Fuel Splitter Installed in Fuel Imput Port 
Total Pressure Probe 

Temperature Probe 

Static Pressure Pickups 

Conversion Curves for Air Imput Ports 
Thermocouple Conversion Curve 

Schematic, Combustion Chamber Flows 

Percent Standard Density Vs Temperature OF. 
AP Vs Velocity for $ = % Standard Density 
Velocity Profiles without Combustion 
Tabulation of Data 

Burner Efficiency Vs Combustion Length 
Probable Combustion Área at Seventy-five fps 
Probable Combustion Area at One Hundred fps 
Probable Combustion Area at One Hundred Twenty- 
Five fps 

Combustion Length Vs Full Section Velocity 


Sample Combustion Chamber Exit Profiles 


Drawing Total Pressure Probe 


12 
12 
14 
14 
16 
16 


17 


22 
27 
29 
30 
32 
35 
36 
39 
40 
41 
42 
44 


o2 


bh‏ ۶ ۶ 6 ۶ ۶ 6 3 9 ۱ ۲ و و ده وی 


.رت መሙ‏ ہوم ی ع 


-wj - 


Pc] 


፣ “ዘጠ‏ سی نوف حجرس رہ 

reemp ei — ovt 

ለ]... «ee = — . لسن"‎ 
(uem qom te (መመ - vu! 

TUIS SEE 1 

aer Oe +8٤‏ أو زويف مه سن یور وي 
ara run” LAIA » mb‏ 

aw ronda - 1 ٭ ود‎ 

vor (uw راید‎  - 1١١ <7 

ver dominam ۱۲ے‎ ۸ 

ee کون - ہر دہ‎ 
hee ii - ۷1 "سب‎ 
d ee epn col ni - ۲۶ اروم‎ 

mL elinda -u oom? 

መሕ د‎ ፡9፡ mm مس‎ - HI œr 0 

miss IA - Fi ۰‏ اللا رساي الوه مه 
አ] bidh a i Paa — TT #ፄ/*‏ 
اب ج ‏ 
-eyer‏ وور ال E‏ اعد vrag‏ 
aA woes od - € Cu‏ ماو 
سس 














<A 














Pare 
Figure 24 - Drawing Fuel Splitter 54 
Figure 25 - Drawing Temperature Probe 56 
Appendix À - Sample Preliminary Calculations 47 


Appendix B - Computation of Average Chamber Temperature Rise 50 
Appendix C - Total Pressure Probe Design 51 
Appendix D - Fuel Splitter Design 53 


Appendix E - Temperature Probe Design 55 





INTRODUCTION 


À survey of the different components of the present day turbo 
Jet engine shows a considerable volume of data available for the 
design of all except the combustion chamber. The very nature of 
the turbo jet places severe requirements on the combustion chamber. 
These requirements are essentially those of high heat release, low 
weight, small size, low pressure drop through the chamber, resistance 
to high temperatures and production of stable combustion at 1 
altitudes and flight velocities. 

A great deal of work has been done in the field of combustion, 
chiefly on the chemistry of combustion, flame front propagation and 
development of fuels. However this information is of less use to 
the combustion chamber designer than experimental work of a basic 
nature on compareble combustion chambers. This sort of experimental 
work no doubt is going on in industry today, but very little of the 
data is being published. Their efforts in the main seem to be 
concentrated more toward a system of trial and error than a systen- 
atized analysis and experimental investigation of the fundamental 
processes. To satisfy the requirements as set forth above rather 
simple configurations have been developed and are in use in air- 
craft all over the world. These chambers can produce combustion 
efficiencies in the neighborhood of 100% at the design condition. 
However, at other than the design condition the efficiencies drop 
considerably and maintenance of the flame becomes an increasingly 


difficult problem. 
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To accomplish these high heat release requirements in a small 
volume at high through flow velocities it is necessary to employ a 
well developed technique of air fuel mixing. This technique must 
accomplish rapid and complete mixing with the lowest vossible 
pressure loss in a minimum of space. The combustion process from 
an air introduction view point can be thought of as occurring in 
two steps. First, the introduction of sufficient air to just 
initiate combustion and obtain high initial heat release. Second, 
to provide sufficient additional air to complete combustion, in 
other words, make up a stoiciometric mixture. For the turbo jet 
engine these two are not sufficient. The turbine blades rotating 
at high velocities in these hot gases would be short lived. It 
becomes necessary then to provide sufficient additional diluent 
air to cool these combustion products to about 1500917, The problem 
becomes more difficult when it is realized that the above mst be 
accomlished in chambers about two feet in length with air flow 
velocities of 100 feet per second or greater. 

Stoiciometric air fuel ratios for hydro-carbons average 15 to 1l. 
The maximum allowable temperatures for the turbine blades require 
air fuel ratios of about 70 to 1. This air fuel ratio is far too 
lean to permit combustion unless combustion is first completed 
with a stoiciometric mixture and then the balance of the air is 
introduced with a high degree of turbulance to auench the hot 
combustion gases. The importance of a more complete understanding 
of the effects of air distribution on the combustion, to the 


combustion chamber designer, can easily be understood. This 
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report is concerned vith the analysis of the effects of eir 
distribution on combustion in a chamber designed to simulate (as 
closely as possible) the turbo jet engine operating at about 


30,000 feet, 
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THEORY 


The theory of combustion in a turbo jet combustion chamber 
with its numerous added variables is not too well understood nor 
has it been thoroughly investigated. In investigating the effects 
of air distribution on turbo-jet combustion, prime importance must 
be attached to the delay time or lag in the combustion process. 
Delay time is considered as the elapsed time from the input 
of an element of fuel into the combustion chamber until it has 
commenced combustion. Delay time may be considered as consisting 
of two parts: (a) Physical delay time, that time required for a 
liquid fuel to vaporize and diffuse into the air; (b) A chemical 
delay time, that time required for the breakdown of complex hydro- 
carbons and initiation of combustion. Physical delay time appears 
to be a function of the initial droplet size and tne rate of heat 
transfer. The particular fuel in use and the temperature constitute 
the primary factors affecting the chemical delay time. Lloyà^*$ 
investigated delay time directly by spraying liquid fuel into high 
temperature air streams (1400 - 18009F.) and determining the distance 
to the flame front. If the flow rate were accurately known then 
the delay time was determined. These experiments determined a 
relation showing the logarithm of the delay time to be approximately 
inversely proportional to the absolute temperature of the initial 
air. It was further shown that there was very little difference 
in this delay time under the stated conditions for greatly varying 


types of fuel. 
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Elliot? 


in interpreting work by Muller on cetene could not 
develop a linear relationship for log of the delay time versus the 
reciprocal of the absolute temperature and explained the difference 
as due to the physical delay time and chemical delay time both 
obeying the above relation and the sum therefore giving the total 
delay. The data in the two cases did not match well, Lloyd giving 
values of 30 millisec at 1500°F. and Muller 30 millisec at 450°F. 
for two different fuels respectively. 

There are many factors which might account for the above, 
the most likely appearing to be atomization of the fuel. However, 
Lloyd effectively showed that, while important, degree of atomization 
is not one of the controlling factors. 

One might interpret the above to show that at the high 
temperatures employed by Lloyd the chemical delay was insignificant, 
which would indicate that the physical delay times of most hydro- 
carbons are very similar. Temperature of the initial sir appears 
to be well established as a basic variable in the delay time theory 
of combustion. Practically all of the work has been done at 
atmospheric pressures although the effect of pressure on ignition 
is widely known. Schmidt? in work comparing tests in a bomb and 


in an adiabatic compression apparatus developed the relation: 
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T - absolute temperature 

p - pressure 

A and B are constants 

(The exponent n in the relation above was 
slightly larger than one.) 

This relation was confined strictly to homogeneous gas 
reactions but may hold for a limited range in a heterogeneous 
reaction. 

The factors effecting delay time appear to be those subject 
to change witn individual unit characteristics. This would be 
manifest in variations of inlet temperatures, velocities, degrees 
of mixing, full section velocities, etc. The importance of the 
delay time factor will be strongest in the primary combustion zone 
for liquid fuels and to a lesser degree in the secondary zone of 
gaseous mixture combustion. In combustion initiated with a gaseous 
type fuel an appreciably shorter delay time could be expected. A 
shorter length for completion of combustion is in turn predicted. 

Since it has been well established that there is an appreciable 
delay time between the introduction of fuel into the combustion 
chamber and its combustion, there must likewise be an appreciable 
distance covered before any single element of the fuel ina steady 
flow process has been completely burned. It seems logical to assume 
that this distance is directly a function of the full section 
velocity as well as the factors affecting delay time. 

Combustion of hydrocarbons and air is readily accomplished 


under ideal conditions with air to fuel ratios of approximately 
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15 to 1. Some 19,000 BTU/1b are released accompanied by temperatures 
around 20009F. The process is dependent upon vaporization of the 
fuel if in liouid form through mixing with air and introduction of 
sufficient energy in the form of heat to bring a small part of the 
mixture to ignition temoerature. 

If this ideal process is transposed to a cylindrical tube of 
such dimensions that a given quantity of this fuel air mixture when 
forced through will attain a given full section velocity then the 
simplest initial description of a turbo jet combustion chamber has 
been given. Since velocities vary continuously with time and 
position it is impossible to defintely speak of one velocity. The 
use of the term "full section velocity" is merely recourse to an 
average to be used for discussion and comparison, it being kept in 
mind that it may not exist. The reference velocity is the velocity 
computed from the total air mass flow rate, the static pressure and 
temperature at the combustor inlet, and the maximum cross-section 
of the combustor with a uniform velocity profile. 

Presently available materials for the construction of turbin 
blades have placed limitations of about 1500°F. on combustion chamber 
exit mixture temperatures. This limitation is met by employing air- 
fuel ratios of 70 to 1 or higher, but hydrocarbons will not burn at 
these lean mixtures. Therefore the air is divided into primary air, 
sufficient to give approximately stoiciometric mixtures for the 
combustion, and secondary air or quenching air as it is more 


popularly known. 
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A combustion chamber consists essentially of an inner liner or 
basket and an outer liner or can. The inner basket contains the 
flame and is perforated in a manner designed to permit passage of 
the correct amounts of air at the proper positions to accomplish 
the division and mixing of fuel and air as described. The size and 
positioning of the holes in the inner basket are critical to the 
functioning and efficiency of the combustion chamber. 

Too much cold quenching air introduced too far upstream can 
only cause the flame to be extinguished wherever it reduces 
temperatures below the combustion minimums. This incomplete 
combustion of the fuel causes a drop in the burner efficiency. It 
is with this problem of where to commence quenching that this paper 
is primarily concerned. 

It seems reasonable to expect a relation between the length 
required to complete combustion and the combustion chamber full 
section velocity. In order for this to be simplified sufficiently 
for & practical investigation the variables, fuel-air ratio, initial 
temperature, pressure, etc. must be held constant. We thereby 
limit ourselves to the variables of air distribution and full 
section velocity and their effect on the combustion as interpreted 


by the combustor efficiency. 


shimim e “39 8818: ፡ -‏ 00 و پا 
LS Li‏ هب وپ اس መ‏ غه امه مه وېي 
؛ سو 9 اه በበሸ%በወው‏ : ما "had, ee‏ 
ہے حم صصق .بے uum ፖፖኛ!” ኣመ‏ 
و لاله & ento‏ ينه .፡፡6 emm 68 e‏ 
سے “ فا قله ل لا مت A omen m o Pa‏ 
de‏ دوب a, mm ma‏ 
اوو qan c‏ سس rl me‏ اه mtl sme‏ 
DR‏ سر پر سرل پا ای 
موس سب بپ ټم مس س سے 
ዘፍ 1 ۱۵ Ir e‏ مس ١۱‏ 
u‏ 
-rè Hew‏ 
— 


| ቪር d d pa ih am dd سیر سم‎ 


መ መሙ መመ መመመ 
په د‎ iem ae 
Vet n sd سا‎ te 


P | i 
m o re 

























































References: 


l. 


2 


655 


Review of Combustion Phenomena for the Gas Turbin, 

D. G. Shepherd, ASME Transactions, Vol. 73, Oct. 1951, 
pp. 921-934. 

Combustion in the Gas Turbin, P. Lloyd, Proceedings, 
IME, (London) 1945. 

The Fuel Problems in Gas Turbins, P. Lloyd, Proceedings, 
IME, Vol. 159, 1948. 

Combustion of Diesel Fuels, M. A. Elliot, SAE Quarterly 
Transactions, Vol. 3, 1949, pp. 490-512. 
Verbrennungsmotoren, F.A.F. Schmidt, J. Springer, 
reproduced as FIAT final report number 709, 1946, 

Po 314, 





IB. 





| کچ سس ጋ‏ رز | 


Q—  . - or 





سس 00 


EQUIPMENT 


The Test Unit was designed and built by J. E. Janssen tased on 
an original design by E. T. LaRoe to use an available air supply. 
The unit consists of two parts, the air and fuel imput ducting and 
their metering devices and the combustion chamber. Air is supplied 
by an Allison Aircraft Engine Supercharger driven by a one hundred 
and seventy-five horsepower tank engine. 

The combustor is made of stainless steel, approximately twenty 
inches in length, five inches in height and two inches in width, 
see Fig's. 1 and 2. The exhaust end is rectangular in shape and the 
upstream end circular in the vertical plane. There are 48 separate 
air ducts with a metering orifice, injection orifice, flow straightener 
and controldamper in each, see Fig. 3. There was a primary air 
orifice at the center most forward port in the chamber into which 
the fuel and initial air were injected but this was redesigned as 
will be described later. 

There are 39 chromel vs alumel thermocouples placed symmetrically 
throughout the chamber to a point 2 inches from the exit, see Fig's. 
3 and 4. These are connected to a terminal block by ceramic insulated 
20 gage thermocouple wires. Insulated copper wire was used to connect 


the terminal block to the selecter switch on the test panel outside 


of the test cell. One chromel-alumel thermocouple is welded to the 
side plates so that their temperature could be held within safe limits. 
Ánother chromel-alumel thermocouple is located in the fuel inlet 


duct for obtaining initial fuel temperature. Still another is located 
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just downstream of the total flow measuring orifice in the six 
inch diameter air inlet duct and used to obtain initial air 
temperature. 

In an attempt to more closely simulate an actual turbo-jet 
combustion chamber and to produce greater mixing the originzl fuel 
inlet system was redesigned. Originally the fuel was fed into the 
primary air duct along with the primary air and then transmitted 
some five inches into the center of the upstream end of the chamber, 
see Fig. 4. This design caused a core of air gas mixture less 
than stolciometric to enter along the center line at relatively 
high velocity. To prevent this the primary air duct was closed to 
all air input and only the fuel was fed into it. 

A median fuel flow rate was chosen as the desien basis and a 

fuel splitter designed to divide the fuel into equal parts entering 
the chamber at an angle of 80° to each other, see Fig's. 5 and 6, 
e value found to be in common use. The two slots were of such 
dimensions as to provide an entrance velocity of 100 f.p.s. for 
the median fuel flow. The design computations are contained in 
Appendix D. 

It was determined necessary to obtain exit velocities and 
temperatures. A total pressure or impact pressure probe was designed 
and set into the top of the exit end of the chamber, see Fig. 7. A 
rubber tube transmitted this pressure to one side of a water filled 
monometer tube mounted in the panel adjacent to the combustion 
chamber. Three static pressure take offs were built into the sides 


of the exit end of the chamber in the same plane with the total 
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pressure probe, see Fig. 9. One was in the bottom center, the 
second on the left upper half and the third on the right center of 
the chamber walls. This positioning was considered necessary to as 
accurately as possible cover the primary flow areas. All three taps 
were led into a common take off and the averaged static pressure 
transmitted to the other side of the manometer tube with the total 
pressure. This arrangement gave AP directly for use in computing 
the velocity. 

A temperature probe, see Fig. 8, was designed and installed 
adjacent to the total pressure probe. It was made of stainless 
steel tubing into which were fitted ceramic insulators carrying 
chromel-alumel 20 gauge wire forming a thermocouple. The thermo- 
couple was checked in boiling water, molten tin and an electric 
furnace up to 1500°F. and found to be accurate to within 2.50. 
These leads were brought out to a terminal block where the emf 
was transmitted to the control panel by insulated copver wire. 

Both probes were controlled by hand and calibrated for accurate 
vertical positioning in the exhaust stream. Since alignment of the 
hole in the total pressure probe relative to the flow direction is 
critical a guide was added to prevent any possibility of rotation. 

A great deal of vibration was encountered in the chamber while 
operating and errors were introduced into the first of the preliminary 
runs when the control dampers in the air inlet ports moved. This 
was corrected by installing friction locks of a high temerature 
resistant material on each of the dampers. A great deal of leakage 


was encountered, principally around the control dampers and around 
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the slip joints. This leakage was substantially reduced by sealing 


all leaks with a high temperature ceramic cement. 
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INSTRUMENTATION 


Since all the air inlet ports had their own metering orifice 
and control damper with pressure taps the exact air flow could be 
accurately controlled. Pressure from each of the pressure taps one 
upstream and the other downstream of the calibrated metering orifice 
was carried to a manometer tube bank where the difference in pressure 
could be measured in inches of water. Using Fig. 10 any predetermined 
flow of air in lb/sec could be set in each port thus making possible 
any air input configuration desired. 

At the exit end of the chamber the total pressure probe and 
three averaged static pressure taps were led to a manometer tube 
mounted on the manometer tube bank. This combination made available, 
by direct measurement in inches of water, the velocity pressure head 
to be used in computing the velocity. The total pressure probe had 
been positioned on the horizontal center line of the chamber and then 
calibrated to give readings at one-half inch intervals in the vertical 
plane. This was done to give a series of readings from which the 
mass flow in each of nine stream tubes could be calculated. 

The temperature probe was mounted in exactly the same manner 
as the pressure probe but due to space limitations it had to be three 
quarters of an inch farther downstream. The error introduced by 
this positioning was considered negligible in magnitude and common 
to all runs. The temperature probe was calibrated so that its 


readings were taken from the center line of the stream tubes set up 
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by the pressure probe calibration. This gave in each instance data 
that matched by position for each run. The EMF was picked up at 
the control panel and temperatures were read directly from 
potentiometers. These values were then corrected in each case by 
Bis ll. 

The thermocouples mounted permanently within the combustion 
chamber were read by potentiometers and their values corrected from 
Fig. 11, since all thermocouples were of tne chromel-alumel type. 

The Butane was obtained from 100 lb. bottles thru a constant pressure 
valve set at 5 psi. The flow was metered by using a needle valve and 
measured with a Fischer and Porter flowrator Model 5A-25 calibrated 
in C.F.M. of air at standard conditions of 14.7 psia and 70°F. ል 
correction was applied to the meter reading as shown in Appendix A. 

The usual engine control instruments, RPM, oil temperature, 
oil pressure and throttle were mounted on the control panel. In 
addition oil temperature and pressure gages for the compressor were 
mounted on the panel and since the compressor-engine gear ratio was 


10 to 1 the compressor RPM was known. 
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د ده د 
ESTIMATED ACCURACY OF MEASUREMENTS‏ 


To a great extent the accuracy of the measurements are dependent 
upon the estimates mde by Janssen, > the designer and builder of the 
equipment. These estimates include a plus or minus 3% from the 
calibration curves of Fig. 10 used for the secondary-air-metering 
orifices. The flowrator employed to measure the fuel flow is of 
standard make and essentially an orifice meter of estimated accuracy 
within a plus or minus 2%. 

The temperatures recorded by the many chromel-alumel therm- 
couples are corrected by Fig. 11 for variation from iron- 
constantine correction in the potentiometers. Fluctuations of 
15°F. were encountered at temperatures from 500 - 15009F. and were 
most noticeable in the probe traversing of the chamber exit. 
Considerable error could be expected due to the fact that measure- 
ments with this type of thermocouple are usually some value between 


nta and T They are also subject to radiation from the 


aie. 
flame but this can be neglected since the thermocouple is auite 
small. The heat then is transferred to the junction largely by 
convection and away from the junction principally by radiation to 
the chamber walls. The maximum temperatures recorded by the probe 
had a radiation error of 25° which is within 3% and was omitted in 
the comoutations. 

Pressure measurements are considered accurate to 1/20 of an 


inch of water. This variation is the result of the turbulent flow 


in the chamber and the corresponding pressure fluctuations which 
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caused the water levels in the manometer tubes to vary continuously. 
Consequently the values measured are averaged values. In the 
preliminary runs employed to determine "bugs" in the equipment anà 
to standardize operating procedure, it was first attempted to pre- 
set a weight flow of air at the primary metering orifice and then 
distribute this in a predetermined manner thru the combustion 
chamber ports. This was oroved not feasible for several reasons. 

At the lower weight flows the engine was forced to idle to hold down 
compressor RPM and as a consequence ran too roughly for acceptable 
tolerances to be maintained. There was an appreciable air loss due 
to leakage in the slip joints and around the metering valves between 
the primary orifice and the individual port orifices which was not 
too accurately known. 

The primary power plant was found to operate within a plus or 
minus 10 RPM at 1000 RPM and this setting was employed throughout. 
This required throttling at each of the combustion chamber input 
ports but gave steady readings when the tendency of the valves to 
vibrate out of position was corrected. Losses in the ducting were 


then of no importance. 
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INVESTIGATION PROCEDURE 


The variables entering the test process were prohibitive in 
number. It was determined therefore to set and maintain one air-fuel 
ratio, to investigate three full section velocities, to retain one 
initial air fuel ratio of 20 to 1, to introduce the initial air 
thru 10 ports, 5 on top and 5 on the bottom of the burner, and to 
introduce the quenching air thru 16 ports, eight on top and eight on 
the bottom. 

The critical distance "L" would be that from the fuel input 
point to the first of the quenching ports. All ports between those 
conducting primary air for combustion and those conducting quenching 
air would be set to bleed a minimum of air to prevent burning back 
into the port. The bank of eight quenching ports on top and eight 
on the bottom would be moved as a unit to vary the volume allowed 
for combustion. Their travel would be limited by the forward point 
of no combustion and the exit of the chanber. 

Sample preliminary calculations employing averaged values 
determined by the designer and other values chosen for the particular 
step in the investigation are shown in Appendix A. The investigation 
was broken into three steps, one each for full section velocities of 
75, 100 and 125 fps. Initially an air-fuel ratio of 70 - 1 was 
employed in the preliminary runs but this developed temperatures 
within the combustion chamber in excess of the maximum allowable 
for the chromel-alumel thermocouples. The final air-fuel ratio used 


throughout the investigation was 120 - 1. 
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Each full section velocity determines a required weight flow of 
air. This flow is divided in a manner to provide a primary air-fuel 
ratio of 20 to 1, a portion of the balance for bleed air to prevent 
burning into the ports and for cooling and the balance is employed 
as the auenching air, see Pig. 12. The ports are numbered consecu- 
tively from entrance to exit, 1 to 24 on the bottom and 25 to 48 on 
the top. 

Ihe engine driving the air compressor is started in the usual 
manner and allowed to reach operating temperature. One thousand RPM 
is then set and maintained by an operator at the test panel. 

Without combustion the entire predetermined weight flow of air, 
primary, bleed and quenching is set while the total flow is held 
constant. This is done by presetting in the manometer tube bank the 
required value of AP in inches of water for each port. Since any 
change in one port will affect slightly the values in the others, 
this presetting requires at least three complete checks and adjust- 
ments for all ports. With this completed the spark is started and 
the predetermined weight flow of fuel is injected. Combustion should 
commence within 30 seconds. A minimum of three operators are 
considered neceesary to safely and accurately operate the equipment. 

Combustion is allowed to continue for five minutes to permit 
all components to reach operating temperatures. While one operator 
holds the RPM and fuel flows constant, a second traverses the exit 
cross section temperature probe and the third records the readings 
from the potentiometer. While two operators are simultaneously 


taking down the chamber temperatures the third is measuring the 
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values of AP for the exit cross section with the pressure probe. 
Initial air and fuel temperatures are the final readings obtained. 
The probe temperatures as read from the potentiometers are 
corrected by Fig. 11 for chromel-alumel to iron constantine. This 
corrected temperature is then employed in Fig. 13 with the average 
static pressure to determine the density in per cent of standard 
density. With per cent $ and AP, Fig. 14 gives velocity in fps. 
The mass flow weighted temperature rise AT, is obtained as shown 
in Appendix B. The equation for burner efficiency as employed 
herein is: 
Db = actual entholny rise 
ideal entholpy rise 
2 mx 
19,670 X F/a 
Where bd ~ burner efficiency 


AT 


b avg > mass welghted average temperature rise 


across the burner 


% ave = average value for range of temperatures 
employed 


F/a = fuel-air ratio 
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throughout. A definite drop, in the temperatures across the exit, 
was shown to occur when quenching was attempted too far upstream as 
was expected from theory. 

An incident of burning back into a closed port with flames 
escaping thru an expansion joint occurred. This was corrected by 
Maintaining a positive pressure of .l inch of water in all "closed" 
ports. A condition of unbalance and unacceptable pressure fluctuation 
was found to exist when the compressor was operated at low RPM to 
permit the total predetermined weight flow of air to be metered by 
the total flow metering orifice. Metering at this orifice was 
omitted and engine speed held constant at 1,000 RPM. This permitted 
attainment of sufficient pressure and weight flow for accurate and 
steady throttling of the flow into each port. 

As the block of quenching ports reached the most downstream 
position an attempt was made to reduce their number from the original 
eight on top and bottom to seven on top and bottom, etc. This 
required an increase in the weight flow and the velocity for each 
port. A decrease in the burner efficiency was obtained under these 
compacted quenching conditions. This can be explained by a greater 
penetration and mixing of the quenching air than had been obtained 
under the initial configuration causing a lower average value for 
the chamber temperature rise. This compacting of the quenching air 


was not employed in the final runs. 
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DISCUSSION OF STEPS I, II AND III 


Steps I, II and III are a series of runs at 75 fps, 100 fps 
and 125 fps, respectively. A total of 43 runs were involved in the 
work and the data from the final runs for each step is tabulated 
in Figure 16. 

Step I required a series of 9 runs commencing at the exit end 
of the combustion chamber and moving one port forward in each run. 
The combustion in all runs was smooth with no tendency towards 
pulsating roughness until port No. 9 was reached. With the quenching- 
air block of ports commencing with No. 9 the combustion was rough and 
unsteady and had to be restarted five times before completion. 
Combustion with Port No. 8 as the first of the quench ports was 
found to be impossible even though combustion could be started at 
reduced velocities it would blow out before the required full section 
velocity of 75 fps was reached. 

Figure 17 shows a plot of the Burner Efficiency for each run 
versus the length L in inches to the first quenching port. It is 
of interest to note that there is a definite minimum length, for the 
configuration employed, below which it is impossible to obtain 
combustion. Correspondingly there is another value of L beyond which 
the rate of change of efficiency with combustion length is practically 
zero. In Step I at the most forward point of quenching, there were 
only three inches between tne last port admitting initial-air and 


the first port admitting quenching-air. 
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Step No. II employed & full section velocity of 100 fos and the 
burner efficiency for each run is plotted versus L in Figure 1". 

Ihe quenching was commenced at the exit of the chamber and moved for- 
ward a total of seven ports. Combustion was smooth and steady until 
port No. 11 was reached, where it became extremely rough and 
pulsating and had to be restarted three times. Combustion with 

port No. 10 as the first of the quenching ports was found to be 
impossible. The curve in Figure 17 for 100 fps is markedly similar 
to that obtained in Step No. I except that the maximum burner 
efficiency is roughly 5% greater. The last part of the curve which 
was impossibie to obtain experimentally has been extrapolated on the 
basis of the curve obtained in Step No. I. 

It is of interest to note that the efficiency dropped steadily 
over a length of approximately four inches and five ports before & 
point of no combustion was reached. This is in marked contrast to 
the case in Step No. I. 

Step No. III involved a full section velocity of 125 fps and is 
plotted in Figure 17. A curve similar in all respects to that 
obtained in Step No. II was obtained except that the maximum efficiency 
is again about five per cent higher than the previous step. A total 
of four runs were obtained and the latter part of the curve is extra- 
polated in a manner conforming to the curve of Step No. I. Combustion 
was extremely rough and appeared to have cyclic pulsations which would 
continue until the flame was extinguished. As the points of maximum 
efficiency were reached however, the combustion stabilized end appeared 


normal in all respects. The pulsation could be caused by the flames 
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gradually being blown downstream with a system of flare ups occurring 
in the process. When the beginning flame front had been moved down- 
stream to the vicinity of the first quench ports the balance of heat 
transferred to the unburned fuel air mixture steadily decreased until 
combustion stopped. 

Sketches of the probable combustion area within the combustion 
chamber for each of the three steps are shown in Figures 18, 19 and 
20. The sketches are based on the temperatures within the combustion 
chamber and a temerature of 1400°F. was employed as the minimum for 
combustion. The three runs chosen were those at the first points of 
maximum efficiency. Since the thermocouples within the combustion 
chamber were 1.5 inches apart, the distance to the probable flame 
front was extrapolated. 

Figure 21 is a plot of combustion length versus full section 
velocity with parameter of first point of maximum efficiency. This 
curve on first thought would appear to have a point of zero velocity 
for zero length. This is hardly feasible when it is realized that 
for extremely small velocities and low flow rates the latter ports 
of the initial air configuration would be in a position similar to 
the quenching ports. On this basis it is believed that the curve 
would have no meaning if carried forward of the last initial air 
port, in this case a point approximately 3.5 inches from the fuel 
inlet. 

The leveling out of the curve at the higher velocities 
indicates a capability of the burner to handle higher velocities 


at a much reduced rate of increased burner length. 
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Figure 19 
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An extremely poor temperature profile for the exit cross 
section was obtained in all runs. No attempt was mde to correct 
this profile after the asymmetrical velocity profile was found to 
be uncorrectable. Figure 22 is a plot, for a representative run, 
of the density, velocity, temperature, mass flow and momentum profiles 
at the chamber exit. Scales have been proportioned, except for the 
density, to give a representative indication of magnitude. 

The increase in maximum efficiency between each step approximates 
5% This is ina sense difficult to explain since in each step the 
air-fuel ratios are the same, initial air temperatures vary within 
a range of 40%, mass flows of air are equally proportioned and 
similarly placed, all recording and computational methods are the 
same, and in each case combustion is completed as shown by the 
maximum temperatures recorded in the exit traverses. There remains 
the factor of degree of mixing which can logically be expected to 
increase with imput velocities to the chamber. A comparison of tne 
probable combustion areas as shown in Figures 18, 19 and 20 shows a 
progressive broadening as well as lengthening of the areas with 
increased full section velocity. This indicates a decreasing 
volume along the top and the bottom of the burner, in which 
temperatures are below the combustion minimums, thru which fuel 
could pass and never become ignited. This same condition can be 
presumed to exist in the horizontal as well as the vertical plane 


due to side wall quenching effect. 
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CONCLUSIONS AND RECOMMENDATIONS 


From the data recorded and subject to the conditions and 
restrictions as imposed heretofore the following appear to be of 
general interest to the combustion chamber designer. 

a。 Ina constant pressure, steady flow type of combustion 
chamber at one air-fuel ratio there is a definite minimum length 
required for completion of combustion within which quenching air 
will stop the combustion. 

b. There is likewise a maximum length, dependent upon the 
full section velocity, for comletion of combustion beyond which 
the burner efficiency is practically constant. 

C. There is a tendency at least within the range of full 
section velocities covered herein for the turner efficiency to 
increase with increased velocity, other factors remaining the same. 

It is recommended that a similar series of tests be run 
employing liquid fuels to determine variations if any in combustion 
lengths for gaseous and liquid type fuels. 

A series of runs employing variable air-fuel ratios for constant 
full section velocities would show this variable's effect on 
combustion length. The equipment is considered capable of producing 
a great deal of relative information of value to the study of 


combustion problems in turbo jet type combustion chambers. 
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APPENDIX A 


SAMPLE PRELIMINARY CALCULATIONS 


Preliminary calculations were required for each step in the 


investigation, i.e. for 75, 100 and 125 fps full section velocity. 


The values required were: 


Le 


Assume: 


Total air flow in 0 

Total fuel flow in lb/sec, of Butane. 

Corrected fuel flow rotometer setting. 

Initial air flow in lb/sec port. 

AP in inches of water for each port in initial 

eir configuration. 

Total air flow required for bleed air in lb/sec. 
Total air flow required for quenching air in lb/sec. 


AP in inches of water for each port in the quench air 


configurations. 

Full Section Velocity - 100 fps 

Air - fuel ratio - 120 by wt. 
Chamber Exit Areal -  .0695 ft? 
Chamber Static Pressure! - 14.7 psi 
Specific Density Butane =- ,164 15ከ/፻ቲ15 


Specific Density of Air -  .0765 1b/ft® 


Total Air Flow - 100 fps X .0695 - 6.95 ۶۹/966 = 31.95 1b/min - 


.532 1b/sec 


let Wr = wt. flow of fuel for air-fuel ratio of 120 then 


we $ 120 we z 31.95 lb/min 


- - 


E 
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- .264 1/34 - .00445 6 
Wr = „264 7۶ 
.164 lb/ft 


The fuel flow must be corrected to the standards of the rotometer. 


= 
H 
۱ 


1.61 ft°/min 


The correction factor of .77 is obtained from the nomograph on 
page 9823 of the Fischer and Porter Company catalogue, section 98 - A, 
entitled "Theory of the Flowrator." This is based on average values of 


Pe 


15.3 psia 


Ir 


Sp. Gravity - 2.08 


5259R 


Therefore rotometer fuel setting - 1.61 - 2.095 ft°/min. 


Assuming an initial air flow based on an air-fuel ratio of 20/1: 


20/1 = W,,/.264 


Wy; - 5.3 lb/min = ۰0884 6 


This weight flow of air is to be introduced through ten ports, five 
on top and five on the bottom of the combustion chamber. The 
following arbitrary per cent for each port was determined during 
the preliminary runs. 

Ports No. l and 25 7.5% each 2 .00675 1b/sec port 

Ports No. 2 and 26 9.5% each - .00865 " m n» 

Ports No. 3 and 2? 9.5% each = .00865 ۲ ۲ ዘ 

Ports No. 4 and 28 11.0% each = .00975 " " 1 

Ports No. 5 and 29 12.5% each = .01040 " " ዛካ 


From Fig. 10 AP for ports No. l and 25 = .30" H,0 
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In all configurations there are 22 ports, ll on top and 11 on 
bottom, passing bleed air at AP = .10" 820 = -00436 1b/sec. 
Total bleed air, 
Way = 22 X .00436 lo/sec 2 5.76 lb/min 
Therefore total imput of air up to first quenching ports, 
Wib = 9.8 / 5.76 = 11.06 1b/min. 
This leaves a balance for quench air 
Wag = 31.95 - 11.06 = 20.89 lb/min - ۰5485 6 
This weight flow is put in through 16 ports, 8 on top and 8 on 
the bottom. 
K Las . 3485/16 = .0218 lb/sec port 
AP for quenching = 2.1" 0 


References: 


1. A Preliminary Investigation Into the Effects of Air 
Distribution on Mixing in & Constant-Pressure Combustion 
Chamber, J. E. Janssen, an M, S. Thesis submitted to the 
University of Minn. Jan., 1953. 
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APPENDIX B 


COMPUTATION OF AVERAGE CHAMBuR TEMPERATURE RISE 


The average temperature rise for the combustion chamber was 
obtained by weighting the probe temperature as follows. The vertical 
dimension of five inches was divided into ten equally spaced segments 
forming for the flow a number of equal streamtubes. Temperatures were 
then obtained at the center of each streamtube and the value of 
density for the original static pressure obtaining was read from 
Figure 13. AP was obtained with the total pressure probe and static 
pressure leads at the boundaries of each streamtube and then averaged. 


The velocity was read from Figure 14 for each set of values of AP and 


1 


Let X; = density in $ of standard for each streamtube 
Vi = velocity average in each streamtube 65 
AT; - temperature rise in each streantube (T, - ?IT) 了 。 
AT, ave = mass flow weighted temperature rise across the 
burner. OF 
A = area 
M; = $, ۸ ۲ = mass flow rate 


Then AT, MM = EM AT - መዩ, ", AT 2 መቺ Ae, 
e, መ a WR 
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TOTAL PRESSURE PROBE DESIGN 


The total or impact pressure can be measured in a fluid stream 
by inserting a small probe containing an opening whose axis is parallel 
to the flow direction and then transmitting this pressure to some 
measuring device. This complies with the general assumption that in 
subsonic flows the stream is decelerated insentropically to the 
stagnation point at the hole in the probe and the pressure so 
measured is the local reservoir or stagnation pressure. Pressure 
measurements of this type are satisfactory up to the point where 
local shock waves begin to form around the probe. 

The probe was constructed of stainless steel tubing .1l25 inch 
in diameter and approximately seven inches in length. A hole .055 inch 
in diameter was drilled thru one side only, one-fourth of an inch 
from the bottom. The bottom was sealed by welding. A sleeve was 
made from mild steel and slotted at the top threaded portion to 
take a nut for tightening to adjust the friction on the pressure 


probe. See Fig. 23. 


(1) Aerodynamics of a Compressible Fluid, Liepmann and Puckett, 
John Wiley and Sons, Inc., 1950. 
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Figure 23 


TOTAL PRESSURE PROBE 





Radius 1.1" 


125" 8.8, Tubing 


0055" 


Soale 1*= 1" 
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APPENDIX D 
FUEL SPLITTER DESIGN 


. ۴۱۴ Moci 1) states that average fuel velocities are 100 fps 
as they leave the nozzle and that an average included angle of 
approximately 809 is acceptable. The median full section velocity 
of 100 fps was chosen as the design point. For this air flow at 
an air/fuel ratio of 120, the fuel flow was 1.61 cu ft/min = .0268 cfs 


Vel = mass flow = 100 fps - .0268 cfs 


area area 

Area - .00268 ft~ = .0386 in^ 

The fuel splitter must divide the flow into two equal parts at 
an angle of 80° and an input velocity of 100 fps. The area above is 
the total for the flow and .0193 in’ would be required at the top and 
bottom of the fuel splitter. The length of the fuel splitter slot 
is two inches and: 

A-LXw or .0198 in? 2 2X w or 


W - .00965 in. 


See Fig. 24. 


(1) Mock, Frank C., Engineering Development of the Jet-Engine 
and Gas Burner, SAE Transactions, V. 54, p. 218. 
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Fieure 24 


FUEL SPLITTER 
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APPENDIX E 


TEMPERATURE PROBE DESIGN 


Ihe temperature probe was designed about the — T that 


bare thermocouples without stagnation attachments are adequate for 
temperature measurements in air streams at least to 300 fps. At 
the combustor exit, uneven temperature distributions, large 
temperature gradients, non-uniform velocity distributions and 
pronounced temperature fluctuation are sources of error. Bare wire 
20 gage chronel-alumel thermocouples although not precise, give 
satisfactory results. 

The temperature probe was designed for and constructed of 
the same materials as the thermocouples within the combustion 
chamber. Figure 25 is a full scale drawing of the probe. The 
body was made from .225 inch stainless steel tubing which was 
drilled to take .1495 inch diameter double lead ceramic insulators. 
No. 1 chromel and No. 1 alumel wire was led thru the insulators and 
welded to form the tip. The tip extended approximately .25 inches 
below the ceramic insulator and was cemented into permanent place 


with high temperature ceramic cement. 


(1) Hottel, H. C. and Kalitinsky, A., Temperature Measurement in 
High Velocity Air Streams, Journal of Applied Mechanics, 
Transactions of the ASME, V. 67, 1945, PÀ-25. 
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